In this paper, we attempt to answer this question by an investigation of the necessary and sufficient conditions for transient repression.
A severe transient repression of inducible or constitutive /3-galactosidase synthesis occurs upon the addition of glucose to cells of Escherichia coli growing on another source of carbon (5, 22, 23, 32) . This repression does not require the lac-I-gene product (33) and is elicited by glucose analogues that are phosphorylated but are not further catabolized by the cell (32) . Thus, extensive metabolism of the added compound is not required for transient repression to occur. In what way then does the addition to a culture of a new compound perturb the metabolic balance of the cells so that transient repression results? In this paper, we attempt to answer this question by an investigation of the necessary and sufficient conditions for transient repression.
Our results suggest that the actual passage of the newly added compound through the cell membrane elicits transient repression. contamination and found to contain less than 0.1% glucose.
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . The characters of the strains were verified by appropriate nutritional and biochemical methods.
Media. Minimal medium was made by adding to 1 liter of water: K2HPO4, 10 g; MgCl2, 0.2 g; Na2SO4, Streptomycin sulfate was added at a concentration of 100 ,g/ml when required.
Solid indicator medium for catabolite repression of ,5-galactosidase was prepared from minimal solid medium by adding glucose (1.0%) and lactose (0.2%)
as the sources of carbon. In some cases a dye, 5-bromo, 4-chloroindolyl-,j-D-galactoside, 20 pg/ml (Calbiochem), was included. This yields a blue product when hydrolyzed by ,3-galactosidase. It does not induce this enzyme. In other cases, no dye was present in the plates; colonies were then examined for induced levels of j-galactosidase by exposing them to toluene vapor for several minutes and then layering them with ONPG (20) . This medium will distinguish between colonies of cat-and cat+ lac+ (I+Z+Y+) bacteria because the cat-bacteria are uninduced and therefore remain white. LB medium was made by adding to 1 liter of water: tryptone, 10 g; NaCl, 5 g; yeast extract, 5 g; and 5 N NaOH, 1 ml.
Growth of bacteria. Cells were grown aerobically in flasks with vigorous shaking. Growth was followed by measuring the optical density at 530 nm in a Klett lactose system repressor, ,6-galactosidase, permease; strr, resistance to streptomycin; thr-, threonine requirement; leui, leucine requirement; car, insensitivity to catabolite repression; pho, alkaline phosphatase; glp (R K D T), glycerol system repressor, glycerol kinase, a-glycerol phosphate dehydrogenase, a-glycerol phosphate permease; gal (R K), galactose system repressor, galactokinase; hishistidine requirement; arg-, arginine requirement; trpj, tryptophan requirement; pho (R2), repressor for alkaline phosphatase; pro-, proline requirement; mer, methionine requirement; mgl (P), methyl galactoside permease (Pmg); pgi, glucosephosphate isomerase; zwf, glucose-6-phosphate dehydrogenase; El, enzyme I of the phosphoenolpyruvate-dependent phosphotransferase system; fdatu, temperaturesensitive fructose-1, 6-diphosphate aldolase.
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Enzyme assays. ,3-Galactosidase was measured at 28 C in toluene-treated cells (19) ; when constitutive strains were assayed, CTAB (0.1 mg per ml final concentration), was substituted for toluene because it was found to give more reproducible results with cells containing a large amount of enzyme. Tryptophanase and alkaline phosphatase were measured at 37 C (2, 29) . L-Glycerophosphate dehydrogenase was measured at 25 C (17). Enzyme activities are given in international units (1 unit = 1 ,umole of product formed per min).
Transduction. Transducing phage were grown on cells in LB medium according to the method of J. Rothman (Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, 1965) with the modification that CaCl2 was added to a final concentration of 5 X 10-3 M. The recipient bacteria were grown into exponential phase in LB medium to 5 X 108 bacteria/ml, CaCl2 was added to a concentration of 5 X 10-3 M, and the transducing phage was added to give 5 X 109 phage/ml. This mixture was incubated at 37 C for 15 min. The cells were then washed, resuspended in saline, and plated on the appropriate selection plates.
Mutagenesis. Mutagenesis by N-methyl-N-nitrosoguanidine (NG) was carried out on bacteria which had been grown overnight in LB medium, then washed, and concentrated 20-fold in 0.1 M sodium acetate buffer, pH 5.0. To 0.5 ml of this culture was added 0.1 ml of a stock solution of NG (4 mg/ml) for a final concentration of 0.66 mg/ml. This suspension was allowed to stand for 3.5 hr at 37 C, and then was diluted 400-fold into minimal medium containing the appropriate source of carbon and supplements (E. Signer, personal communication Measurement of the pool size of a phosphorylated compound. The cells (2 X 108 to 5 X 108) in the exponential phase of growth were collected on a membrane filter (0.45 ,m), washed with 2 ml of warm carbon-free medium, and immediately extracted with boiling water. The samples were evaporated to dryness under an air stream in a water bath at 50 C. The residue was resuspended in the appropriate buffer and assayed enzymatically for the particular phosphorylated compound being investigated. a-Glycerophosphate was determined by the reduction of nicotinamide adenine dinucleotide in the presence of rabbit muscle L-a-glycerophosphate dehydrogenase (Boehringer Mannheim Corp.) and hydrazine (17 (32) . We examined the effect of the addition of glucose to cells growing on glycerol on two enzymes other than f3-galactosidase, namely, alkaline phosphatase and tryptophanase. From the results of this experiment (Fig. 1 added to wild-type cells growing on succinate, no transient repression of,B-galactosidase synthesis was observed. However, if cells which are constitutive for the glp system, glp R, were grown on succinate and then received either glycerol or a-glycerophosphate, ,B-galactosidase was transiently repressed (Table 3) . A derivative of this constitutive strain which lacks the transport system for a-glycerophosphate exhibited [aGlycerophosphate is usually toxic to strains lacking the dehydrogenase, presumably because it accumulates to a very high intracellular concentration (9); however, it did not affect strain 9. We found that this strain accumulated slightly less a-glycerophosphate than other strains lacking the dehydrogenase.] In a control experiment with strain 9, the addition of these compounds had no effect upon the rate of assimilation of 14C-succinate from the medium into trichloroacetic acid-precipitable counts.
This experiment clearly shows that glycerol and a-glycerophosphate elicit transient repression only if the glycerol regulation (8) sion of ,B-galactosidase synthesis in gal R+ strains carrying the lac l-mutation, but only if the product of the lac Y gene was active (Fig. 2) . Tryptophanase in a lac+ (I-Z+Y+) strain, T-6, and in a lac Z-derivative of strain T-6 also experienced a transiently strong repression upon addition of galactose to a culture growing on glycerol. These observations may be explained by the fact that the lac Y permease is capable of transporting galactose.
As can be seen in Fig. 3 , galactose strongly repressed the synthesis of both fl-galactosidase and tryptophanase in gal R+ strains which had no galactokinase activity but possessed constitutive levels of lac Y permease. Similarly, when galactose and IPTG were added to a culture of a gal R-strain T-51, which apparently lacks galactokinase activity, the induced synthesis of f-galactosidase was initially repressed and then gradually returned to the unrepressed control rate. The kinetics of this repression were identical in strain T-51 and in a galactose-fermenting revertant derived from it. Thus, it is apparent that the ability of galactose to establish transient repression does not require the action of galactokinase.
Since galactose can elicit this repression when entering the cell primarily via the lac Y permease, it seemed of interest to determine whether other compounds which are transported by this permease but are not necessarily catabolized or immediately phosphorylated inside the cell can elicit transient repression. We first investigated nonmetabolizable analogues of lactose in a lac+ (I-Z+ Y+) strain. Addition of ,3-thio-digalactoside or IPTG (2 X 10-2 M) had no effect on constitu- Several control experiments strongly support the idea that TMG itself and not some contaminant in the TMG preparation causes the observed repression. When log-phase cells of strain T-6 were incubated in carbon-free medium, the presence of TMG in the culture resulted in no significant stimulation in the incorporation of 14C-leucine into acid-precipitable material. In the next experiment, "conditioned TMG medium" was prepared by incubating cells of strain T-6 at 37 C for 90 min in glycerol-minimal medium containing 2 X 10-2 M TMG or for 4 hr in carbonfree medium containing TMG. These conditioned media were sterilized by filtration, and glycerol was added to the carbon-free medium. Cells were collected by centrifugation from a glycerol-containing culture during exponential growth and were suspended in the two "conditioned TMG media," and in a medium containing glycerol and untreated 2 X 10-2 M TMG, to give a density corresponding to 30 Klett units. Growth and f,-galactosidase synthesis were examined, and revealed the same degree and duration of transient repression in the three cultures. Finally, we compared the effect of TMG with the effects of galactose and methyl-f3-galactoside, the only known contaminants of commercial TMG preparations. We measured the effects of the addition of these compounds on f3-galactosidase synthesis in cells of strain T-6 during growth on glycerol (see Fig.  3 and 4) . All three compounds were approximately equally effective repressors when added at concentrations of 2 X 10-3 or 2 X 10-2 M. This result is not compatible with the idea that the small amount of contaminating material in the TMG preparation is responsible for the effects elicited by the addition of TMG.
We next investigated whether lactose elicits transient repression in a culture of lac+ (I-Z+ Y+) cells growing on glycerol. We found that immediately upon addition of this compound to the medium the cells stopped growing for several hours. Growth inhibition also occurred when lactose was added to cells in minimal medium with succinate, Casamino Acids, or glucose as sole sources of carbon. Although it turned out that the intensity and duration of this inhibition were quite variable even in apparently identical cultures of the same strain, in any one culture the effect was concentration-dependent. Metabolism of lactose is not necessary for this growth inhibition since it was seen in a lac+ (1Z-Y+) strain. The differential rate of f3-galactosidase synthesis in growing cultures of strain T-6 subsequent to the addition These experiments show that TMG, galactose, methyl-,B-galactoside, and possibly lactose elicit transient repression in cells with a high level of lac Y-permease activity. TMG is not catabolized in E. coli. Galactose elicits this effect even in the absence of the galactokinase that converts it to galactose-1-phosphate.
Relation of intracellular levels of phosphorylated compounds to transient repression. According to Prevost and Moses (25) , the intensity of transient repression corresponds to the size of the internal pools of glucose-6-phosphate, fructose-i , 6-diphosphate, 6-phosphogluconic acid, or reduced NADP (NADPH). Our observation that at least some compounds that cannot be metabolized and do not affect growth nevertheless elicit transient repression argues against the concept that a large increase in the levels of intermediates of glucose metabolism is the cause of transient repression. However, since E. coli K-12 can generate these metabolites from its carbon source, it is conceivable that changes in their level result from the exposure of the cell to nonmetabolizable compounds. To exclude this possibility, we examined mutants with defects in intermediary metabolism under conditions where these metabolites could not be generated in the cell.
One such mutant, strain DF40, contains no detectable phosphoglucose isomerase (12) . Strain DF2000, a derivative of strain DF40, in addition lacks glucose-6-phosphate dehydrogenase (11).
When succinate was added to cultures of these strains growing on glycerol, the induced rate of /3-galactosidase synthesis was initially repressed to 5 fructose-i ,6-diphosphate aldolase activity appeared to be altered (3, 4) . When succinate was added to a culture of this strain growing at 40 C in glycerol-minimal medium, 8-galactosidase synthesis was completely repressed for about onethird of a generation and then gradually returned to the unrepressed control rate. It seems most unlikely that under this experimental condition a large intracellular pool of fructose-1,6-diphosphate would have been generated. These experiments show that neither glucose-6-phosphate nor 6-phosphogluconic acid is specifically required for transient repression. They also militate against assigning to fructose-1,6-diphosphate a specific role in this process. We examined next whether the extent of intracellular accumulation of glucose-6-phosphate or of a-glycerol phosphate has any relation to the transient repression exerted by glucose or glycerol phosphate.
Strain DF2000 lacks both phosphoglucose isomerase and glucose-6-phosphate dehydrogenase (11) . Consequently, it does not catabolize glucose beyond glucose-6-phosphate. When glucose was added to cells of strain DF2000 growing on gluconate, a strong transient repression of ,3-galactosidase production occurred; after the cells escaped from this transient repression, no catabolite repression was observed. We measured the intracellular concentration of glucose-6-phosphate during this glucose-evoked transient repression. Immediate ly after glucose addition, when the repression was greatest, a rapid rise in intracellular glucose-6-phosphate was seen (Fig.  5 ). This was followed by a more gradual increase; after about one-half of a generation time, the size of the intracellular pool of glucose-6-phosphate reached a maximum, slightly before the enzyme repression was relieved. Very little glucose-6-phosphate was detected in wild-type cells during glucose-evoked transient repression. Thus, the degree of repression by glucose does not correspond to the intracellular level of the glucose-6-phosphate. We also measured the pool level of a-glycerophosphate during the transient repression resulting from the addition of a-glycerophosphate to a culture of strain 9, an organism constitutive for the glp-system and lacking L-a-glycerophosphate dehydrogenase (Fig. 6) . The kinetics of the accumulation resembled that of glucose-6-phosphate in the previous experiment, except that in this case the intracellular concentration of the compound never significantly exceeded its concentration in the medium. It can also be seen that, though the kinetics of accumulation did not differ from experiment to experiment, the intracellular level to which L-a-glycerophosphate eventually accumulated varied more than twofold.
When glycerol or a-glycerophosphate was added at the same final concentration to the parent strain that can (10-s M) was added to all cultures. Samples were taken for assay of ,8-galactosidase activity and measurement of the intracellular level of glucose-6-phosphate as described in Materials and Methods. Growth was followed by optical density. Since the relative intensity and duration of transient repression in strain DF2000 and strain 3.000 were very similar, the enzyme data for strain 3.000 are not shown. Strain DF2000: control culture, 0; experimental culture, 0. Strain 3.000: control culture, A; experimental culture, A. observed, but essentially no intracellular a-glycerophosphate was found. Consequently, it is clear that the intensity of transient repression by a-glycerophosphate is not related to the intracellular concentration of a-glycerophosphate.
It was of interest to investigate whether cells which have become resistant to repression by a-glycerophosphate are also resistant to repression by glucose and vice versa. Accordingly, a-glycerophosphate was added to a culture of strain 9 growing in succinate-minimal medium. Then glucose was added to a portion of this culture at the time when it was beginning to escape from the transient repression by a-glycerophosphate; glucose was also added to another portion of the original culture containing succinate and a-glycerophosphate after the cells had become completely resistant to repression by a-glycerophosphate. In both cases, the cells experienced another period of transient repression. Similarly, cells of strain 9 which had become resistant to transient repression by glucose also experienced a second period of transient repression upon contact with a-glycerophosphate.
Permease specificity. We examined next which of the several permeases known to play a role in the transport of galactose and f3-galactosides are involved in the transient repression exerted by these compounds. The permease determined by the lac Y gene is known to transport a-and f3-D-galactosides, ,B-thiogalactosides, and D-galactose (26) . Another permease, TMG II, transports TMG, f3-thio-digalactoside, melibiose, and galactose, but not lactose or ONPG; it is temperature-sensitive and has little activity in E. coli K-12 at 37 C (24) . A third permease, Pmg, transports primarily methyl-f3-D-galactoside and galactose (13-15, 27, 28) ; it is not controlled by gal R (6, 7, 27) , but it is induced by galactose and produced constitutively in strains lacking galactokinase activity (13) . Finally, there exists a permease, Pgal, highly specific for galactose; it may be formed constitutively in gal R-strains (13, 27) . Table 5 summarizes the results of experiments testing the ability of galactose and of TMG to repression of tryptophanase was studied in strains containing inactive jS-galactosidase. All experiments were done at 37 C except the experiment with strain S-142, which was done at 30 C. In all cases, the existence of transient repression was determined by taking a series of samples from control and experimental cultures, then plotting enzyme activity against growth, as illustrated in Fig. 1 and 2.
b Not tested.
exert transient repression in strains containing the four permeases in different combinations.
The results of experiments 1-4 have been discussed in an earlier section: in cells with an inactive lac I repressor, both galactose and TMG repress ,B-galactosidase synthesis transiently. The effect of galactose does not require a functioning galactokinase. Since neither compound exerts its repressive effect in the wild strain (experiment 1), we conclude that a system capable of transporting galactose and TMG must be present in the cell before these compounds are added if repression is to occur.
The next experiments show that the TMG II permease is neither sufficient nor required for the transient repression to occur. Strain E7068 (experiment 5), which lacks this permease but is lac constitutive, exhibits transient repression, whereas strain S-142 (experiment 6), which lacks the other three permeases but contains the TMG II permease and was grown at 30 C to allow its full expression, is insensitive to the repression. The possibility had to be considered that it was the absence of the product of the lac-Z gene, f,-galactosidase, which prevented transient repression in strain S-142. However, it can be seen (experiments 10 and 11) that the absence of this enzyme does not prevent transient repression in lac 1-strains.
The presence in the cell of the Pmg permease is not sufficient for transient repression by galactose or TMG. This was shown by the use of strain W3092c, which differs from strain 3.000 only by its lack of galactokinase; the organism is internally induced to produce permease Pmg in galactose-free medium but is not subject to repression by galactose or TMG (experiment 7). This permease is not required for the repression, since galactose and TMG transiently repress ,r-galactosidase in a lac-constitutive strain deficient in the Pmg permease (experiment 8) . This strain, T-30, also lacks the Pgal permease, and we may therefore conclude that a constitutive level of the lac Y-permease alone is sufficient for the repression exerted by galactose and TMG. This important role of the lac Y-permease is further illustrated by the use of strain T-29, which is lac constitutive but lacks the lac Yproduct; no repression by TMG or galactose was observed (experiment 9). As mentioned earlier, neither B-galactosidase nor galactokinase is required for the repression (experiments 10 and 11). The permease of the lac system is essential for the transient repression exerted by TMG, but not for the transient repression exerted by galactose. Strains deficient in the lac Y permease whose gal system is constitutive because of a mutation in the gal R gene are subject to repression by galactose, irrespective of the presence or absence of galactokinase (experiments 12 and 13) . In such lac I+, gal R-strains, TMG, in contrast to galactose, fails to exert transient repression (experiments 14 and 15). The gal RR strains presumably produce the Pgal permease constitutively (13, 28) .
In summary, a specific permease must be present in the cell at the time of addition of TMG or galactose if these compounds are to exert transient repression on ,B-galactosidase or tryptophanase. Only cells containing the lac Y gene determined permease are subject to repression by TMG. Cells containing either this permease or the one formed when the gal system is constitutive because of a mutation in the gal R gene, presumably the Pgal permease, are subject to repression by galactose.
Role of the phosphoenolpyruvate (PEP)-dependent phosphotransferase system. It has been shown that the transport of glucose across the cell membrane and its conversion to glucose-6-phosphate require the phosphorylation of a small but stable protein (HPr) by PEP, catalyzed by enzyme I to give P-HPr, and the transfer of phosphate from P-HPr to glucose, catalyzed by a specific enzyme II (16) . The same P-HPr is also required for the transport and phosphorylation of other sugars. Mutants of the lac 1-E. coli K-12 strain 3.300 lacking enzyme I, such as MM-6 and its derivative GN-2, which in addition lacks an adenosine triphosphate-dependent glucokinase, fail to grow on these sugars (1, 12, 31) . These strains grow at the same rate as the parent strain in media containing 2 X 10-2 M galactose as only carbon source, and their ability to accumulate TMG is as good as that of their parent (Fig. 7) . Apparently, the lack of enzyme I of the phosphotransferase system does not interfere with the transport of galactose and TMG.
We examined the effects of the addition of glucose, galactose, or TMG on the constitutive synthesis of ,3-galactosidase in cells of strain GN-2 growing on glycerol ( Casamino Acids corresponded to 90% of the level found in similar extracts of cells of the glp R-strain 7. Although strain T-37 grew normally on glycerol, no transient repression of,-galactosidase occurred when glycerol was added to cells of the organism growing on gluconic acid. We transduced the ability to grow on glucose to strain T-37 with a phage lysate of strain 3000. The transductants had apparently acquired active enzyme I of the phosphotransferase system, since they also grew normally on mannitol and fructose.
Transient repression of /3-galactosidase occurred when glycerol was added to cells of one of the transductants growing on gluconic acid.
It has been proposed (30) that the PEP-phosphotransferase system interacts with a sugar molecule only during the transport of the sugar across the cell membrane. The following experiment supports the idea that a compound must interact with this phosphotransferase system in order to elicit transient repression, and that this interaction occurs as the compound is crossing the cell membrane. A culture of the lac+ (I-Z+ Y+) cat-strain, T-6, was grown into exponential phase in minimal medium containing lactose as the sole source of carbon. Therefore, free glucose, from the hydrolysis of lactose, and glucose-6-phosphate were present inside these cells. We found that exogenous glucose, added to this culture growing on lactose, transiently repressed the constitutive synthesis of ,B-galactosidase; after a somewhat variable period of repression, the synthesis of the enzyme returned to the steady-state rate observed in the control culture. Thus, it is not necessary to add to a culture a new compound which is not being metabolized by the cells in order to elicit transient repression. Rather, it appears that the necessary condition for transient repression to be established is that the added compound is newly transported across the membrane.
The intact phosphotransferase system does not appear to be necessary for catabolite repression.
Strain MM6, which lacks enzyme I and forms ,B-galactosidase constitutively, was grown in the usual glycerol medium and in a medium containing glucose-6-phosphate as sole source of carbon and energy. The differential rate of 8-galactosidase synthesis in the glucose-6-phosphate medium was only 20% of that in the glycerol medium.
DISCUSSION
The results of the experiments described herein have permitted us to define the conditions necessary for transient repression. The cell must be presented exogenously with a new compound that can be brought rapidly across the cell membrane by a specific permease. In addition, the cell must possess a functional PEP-dependent phosphotransferase system, or at least active enzyme I of this system. This system is even required for transient repression to be elicited by compounds that can enter the cell and accumulate inside in its absence. There appears to be no need for metabolism of the compound once it has passed through the cell membrane. The degree and duration of transient repression do not seem to be related to the intracellular level of the added compound, nor to the levels of phosphorylated metabolites such as glucose-6-phosphate, 6-phosphogluconic-acid, or hexosediphosphate.
It is important to stress that a new compound is a compound that has previously not been in contact with the outer cell surface, even though it may have been previously generated within the cell; thus, the cell growing on lactose, which it hydrolyzes endogenously to glucose and galactose, is sensitive to transient repression by added glucose. The cell escapes from transient repression after contact with the new compound has lasted for the period of about one-half of a generation; it is then still sensitive to transient repression by other new compounds.
The concept that compounds which are capable of exerting transient repression, and which enter the cell independently of the PEP-phosphotransferase system, can nevertheless interact with this phosphotransferase system has some independent support. Extracts of cells containing the system can catalyze the phosphorylation of TMG or galactose by PEP; they fail to catalyze the phosphorylation of IPTG (E. Kashket, personal communication), a compound which we have shown to be ineffective in transient repression. Some of the mutants deficient in enzyme I of the phosphotransferase system fail to grow on succinic acid or a-glycerophosphate (12), both of which are capable of exerting transient repression, though there is no reason to believe that these compounds can be phosphorylated by the phosphotransferase system.
We have shown earlier that both transient repression and catabolite repression prevent the synthesis of ,B-galactosidase-specific ribonucleic acid (33) . It is therefore possible that both control mechanisms act through a common intracellular effector. This would agree with the observation that, of the few enzymes investigated, f3-galactosidase and tryptophanase are sensitive to transient repression and catabolite repression, whereas phosphatase is insensitive to both. The effector may reach a level sufficient for the repression of the susceptible enzymes when the rate of catabolism exceeds the demands of anabolism (catabolite repression) or when a newly added carbon compound rapidly passes through the cell membrane (transient repression). In the latter case, the PEP-dependent phosphotransferase is required for the generation of the effector. However, it is not required for the generation of the effector under the condition of catabolite repression, since mutants lacking this enzyme show normal sensitivity to catabolite repression.
